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We report on a systematic investigation of the dominant scattering mechanism in shallow two-
dimensional electron gases (2DEGs) formed in modulation-doped GaAs/AlxGa1−xAs heterostruc-
tures. The power-law exponent of the electron mobility versus density, µ ∝ nα, is extracted as
a function of the 2DEG’s depth. When shallower than 130 nm from the surface, the power-law
exponent of the 2DEG, as well as the mobility, drops from α ≃ 1.65 (130 nm deep) to α ≃ 1.3 (60
nm deep). Our results for shallow 2DEGs are consistent with theoretical expectations for scattering
by remote dopants, in contrast to the mobility-limiting background charged impurities of deeper
heterostructures.
Ever since the development of modulation doping1 in
the early 1980’s, the quality of GaAs/AlGaAs semicon-
ductor heterostructures grown by molecular beam epi-
taxy has been steadily improving. With this technique,
the mobility of electrons forming a two-dimensional elec-
tron gas (2DEG) at semiconductor interfaces can now
exceed ∼ 3 × 107 cm2/(V · s). In such high mobility
structures2, transport is usually dominated by scatter-
ing from the unintentional background charged impu-
rities since the doping layers, being very far from the
2DEG, do not contribute significantly to the resistivity.
The large separation between the 2DEG and the dop-
ing layers (∼ 100 nm) leads to a large separation be-
tween the 2DEG and the surface and makes such het-
erostructures less than ideal for the patterning of nanos-
tructures. Indeed, this large separation causes the nanos-
tructure’s confinement potential created by depletion top
gates and/or by wet etching to be less abrupt, complicat-
ing the fabrication of the smallest nanostructures. This
limitation can be overcome by working with undoped
heterostructures where the absence of doping layers al-
lows the formation of shallow 2DEGs with relatively high
mobilities3–10. The drawback of this approach, how-
ever, is that undoped structures usually require more
complicated processing, e.g. they often require an ad-
ditional accumulation gate and the use of overlap or
self-aligned contacts4. These additional processing steps
make the fabrication of laterally11 and vertically-coupled
nanostructures12 significantly harder to realize. For this
reason, the refinement of growth techniques and even
more so a clear understanding of the scattering mecha-
nism in shallow 2DEG appear crucial to the development
of coupled nanostructures with low-disorder.
In this work, we present an investigation of the dom-
inant scattering mechanism in shallow GaAs/AlGaAs
modulation-doped 2DEGs with quantum wells grown
systematically closer to the surface. Such structures al-
low easier fabrication processing while keeping the en-
hanced disorder from the doping layers at a reasonably
low level. To extract the dominant scattering mecha-
nism, we measure the density dependence of the 2DEG
mobility using gated Hall bars. This provides important
information on the mobility-limiting mechanisms in shal-
low modulation-doped 2DEGs, and also provides useful
insights for future modeling of shallow heterostructures.
All samples described in this Letter are
GaAs/AlxGa1−xAs heterostructures grown by molecular
beam epitaxy with the generic structure sketched in
Figure 1, panel (a). Epilayers were grown on an un-
doped (100) GaAs substrate. At first, a GaAs buffer, an
Al0.55Ga0.45As superlattice and an Al0.24Ga0.76As spacer
were grown. One or two doping layers, depending on
the depth of the structure, were then added. In the two
doping layers case, an Al0.24Ga0.76As spacer was added
between both layers. Additionally, an Al0.24Ga0.76As
setback layer, a 30 nm GaAs quantum well and another
setback layer were grown. Finally, one or two additional
doping layers and their respective spacers (as well as
a GaAs cap) were added on the top of the structure.
The density of dopants, nδ, was kept constant for every
doping layer in a given heterostructure. The doping layer
positions, labeled d1, d2, d3 and d4 going from the top to
the bottom of the heterostructure, are determined from
the closest quantum well interface. The depth of the
sample is defined as the distance between the top surface
and the middle of the quantum well. The location and
density of the doping layers, as well as the sample depth,
are given in Table 1 for every heterostructure used in
this work. The position and density of the dopants were
selected to produce an ungated 2DEG density between
∼ 1 × 1011cm−2 and ∼ 3 × 1011cm−2. Then, for each
depth, heterostructures with various dopants position
and density were grown with the ones yielding the best
ungated mobility being selected. Note that as the depth
of the quantum well is reduced, it is necessary to move
the delta-doping layers closer to the quantum well in
order to keep the 2DEG density in the desirable range.
This process was performed both for symmetric and
asymmetric positioning of the doping layers around the
quantum well.
In order to measure the electron mobility and vary the
electronic density, a standard TiAu-gated Hall bar was
2FIG. 1: (a) Sketch of the generic modulation-doped
GaAs/AlGaAs heterostructures, with the doping layers shown
as dotted lines. The depth of the 2DEG is measured from the
top of the heterostructure to the middle of the quantum well.
The density of the dopants is nδ and di denotes the distance
between the ith doping layer and the closest interface of the
quantum well. (b) Photograph of a typical device showing
the gated Hall bar pattern used in this experiment.
patterned on top of the heterostructures. A photograph
of a typical structure is shown in Figure 1, panel (b).
The resistivity was measured using a low-frequency stan-
dard measurement technique with a constant excitation
current of 10 nA at 9 Hz. Measurements were performed
at a temperature of 4 K in a magnetic field ranging from
0 to 0.172 T. The electron density was determined by
measuring the slope of the low magnetic field Hall resis-
tance (Rxy). Independent measurements of the density
on selected heterostructures using the minima of the ρxx
oscillations at 0.3 K proved to be identical within error to
those extracted from the slope of the low magnetic field
Hall resistance.
The mobility measurements versus the electronic den-
sity are presented in Figure 2, panel (a) as a log-log plot.
Only selected heterostructures are shown for clarity, but
similar results were obtained for all structures. Three
distinct mobility regimes are observed. The regime of
interest in this work is the intermediate density regime,
shown as region II, where inter-subband scattering, den-
sity inhomogeneity and localization effects are minimal.
In this regime, the mobility (µ) approximately scales with
density (n) as µ ∝ nα. The power-law exponent α can
be used to obtain information on the dominant scatter-
FIG. 2: (a) Log-log plot of the mobility versus the electronic
density for selected heterostructures. The intermediate den-
sity regime is denoted by region II. The power-law fits in this
region are shown as dotted lines. (b) Longitudinal resistiv-
ity (left axis) and Hall resistance (right axis) for the VA0135
sample.
ing mechanism affecting the 2DEG. Several experimen-
tal and theoretical studies have used similar techniques
to analyze disorder in 2DEGs5,8,9,13–18, as recently dis-
cussed in Ref. 18. For the lowest electronic density, re-
gion I, the mobility decreases more rapidly with decreas-
ing density than in region II. This low density regime
is dominated by a fluctuation-induced density inhomo-
geneity eventually leading to a percolation localization
transition to an insulating phase17,19 at a critical den-
sity nc . 5 × 10
10cm−2 (for our samples). Region III,
the highest electronic density regime, is characterized
by a mobility drop with increasing density. This is a
consequence of inter-subband scattering due to the pop-
ulation of the second energy subband of the quantum
well. This interpretation was confirmed by our investi-
gation of the Shubnikov-De Haas oscillations at T ≃ 0.3
K in a high magnetic field (not shown in this Letter),
which proved consistent with the occupation of a sec-
ond subband. Measurements of ρxx and Rxy were also
performed in every heterostructure in the intermediate
density regime at T ≃ 0.3 K and in high magnetic fields
in order to determine whether or not parallel conduction
played a role in our devices. The ρxx and Rxy curves
were similar in every heterostructure and a typical set
(Va0135) is shown in panel (b) of Figure 2. For all sam-
ples, the Rxy trace is linear with magnetic field until the
onset of typical integer Hall effect plateaus was reached.
Those plateaus are consistent with the minima in ρxx
trace, which are reaching a zero value of resistance within
0.2% of the Lock-In amplifier full scale. These results
strongly suggest that parallel conduction in our devices
did not play a significant role. In addition, we performed
a self-consistent Schro¨dinger-Poisson simulation on every
heterostructures used in this Letter. Assuming that the
Fermi energy is pinned at mid-gap at the surface of the
structures (cap) and that the electric field is zero at the
bottom of the structures (superlattice), we found that
electrons solely collect in the quantum well, consistent
with an absence of parallel conduction in our devices.
Focusing on the intermediate density regime where the
mobility is a power-law function of the electronic den-
3Sample Depth nδ d1 d2 d3 d4 α
VA0150 198 nm 1× 1012cm−2 —– 75 nm 95 nm —– 1.01± 0.04
VA0123 160 nm 8× 1011cm−2 —– 75 nm 75 nm —– 1.25± 0.03
VA0135 130 nm 1× 1012cm−2 85 nm 65 nm 65 nm —– 1.65± 0.1
VA0142 100 nm 2× 1012cm−2 65 nm 55 nm 55 nm 65 nm 1.31± 0.02
VA0153 100 nm 2× 1012cm−2 65 nm 55 nm 75 nm 85 nm 1.31± 0.03
VA0161 80 nm 2× 1012cm−2 52 nm 45 nm 45 nm 55 nm 1.35± 0.04
VA0164 80 nm 2× 1012cm−2 50 nm 42 nm 62 nm 72 nm 1.28± 0.03
VA0222 60 nm 3× 1012cm−2 34 nm 28 nm 48 nm 58 nm 1.26± 0.06
TABLE I: Parameters used in the growth of the
GaAs/AlGaAs heterostructures. The depth of the quantum
well, dopants density and dopants position, as defined in
Fig.1, as well as the power-law exponent α are given for each
sample.
sity, we extract the exponent α for each symmetrically-
(open squares) and asymmetrically-doped (open circles)
heterostructure, where the error bars on the data are
accounting for the uncertainty on the intermediate den-
sity regime range. The exponents are shown in Figure
3 versus the 2DEG depth and in Table 1. Additional
measurements performed on different samples originat-
ing from the same wafer yielded results within the er-
ror bars quoted in Table 1. Our standard heterostruc-
ture with a 198 nm deep 2DEG (VA0150) is shown in
the far right with a fitted exponent very close to unity,
α = 1.01 ± 0.04. Previous theoretical and experimental
studies have shown that α . 1 is expected as a trademark
of the background unintentional charged impurities act-
ing as the most important scattering source13,14,18. For
the 130 nm deep structure (VA0135), the power-law ex-
ponent rises to a value of 1.65 ± 0.1. This is indica-
tive of scattering dominated by the unscreened remote
dopants located in the doping layers18. For heterostruc-
tures grown with 2DEGs shallower than 130 nm from the
surface, α, as well as µ itself, decreases and reaches ap-
proximately ≃ 1.35 for symmetrically-doped and ≃ 1.3
for asymmetrically-doped structures. Ionization fraction
of the dopants in the doping layers should only provide
an overall scaling factor to ρ or µ, thereby not modifying
the power-law exponent18. Thus, considering the ionized
impurity profile fixed in a single sample, the exact value
of the ionization fraction in each sample should not play
a significant role in this experiment.
In general, one expects the mobility to be limited by a
number of scattering mechanisms: background charged
impurities, ionized dopants in the delta-doping layers,
acoustic phonons, interface roughness and alloy disor-
der. Scattering by optical phonons, which is the dom-
inant resistive scattering mechanism from room temper-
ature down to ∼ 100 K, is unimportant at 4 K in GaAs
structures where the optical phonon energy is ∼ 35 meV.
Since scattering from phonons, interface roughness and
alloy disorder are expected to be weak18 and unlikely
to vary much with the depth of the 2DEG, we con-
sider background impurities and remote dopants scat-
tering to be the main resistive mechanisms in our sam-
ples. This is consistent with our experimental findings
with the highest mobility being achieved in our deepest
sample (VA0150) where the remote dopants are presum-
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FIG. 3: Power-law exponent α versus quantum-well depth
for symmetrically-doped (open squares) and asymmetrically-
doped (open circles) heterostructures.
ably contributing little to the resistivity, the delta doping
layers being farther from the 2DEG. We can therefore
assume that the dominant scattering mechanism in the
highest mobility sample, VA0150, is the background im-
purity scattering, which is consistent with our exponent
α ≃ 1 as expected theoretically18. As the 2DEG is moved
closer to the surface, the modulation delta dopants are
moved closer to the 2DEG to keep the ungated den-
sity roughly constant, leading to a stronger component
of the scattering arising from the remote ionized im-
purities. Samples shallower than 130 nm have lower µ
(higher α) than VA0150, the deepest sample. It is there-
fore likely that these samples are dominated by remote
dopants scattering. This is also consistent with theory
since α ≃ 1.3 in all these samples and manifests the ten-
dency of decreasing α with decreasing spacer thickness
as predicted theoretically18. We therefore conclude that,
except for VA0150 which is dominated by background
impurity scattering, all shallower samples are strongly
affected by remote dopant scattering.
In conclusion, we have fabricated doped GaAs/AlGaAs
heterostructures with their quantum well located at vari-
able depth and measured the mobility versus the elec-
tronic density curves. The doping layers were moved
closer to the quantum well as the structures became
shallower in order to keep the ungated electron density
roughly constant in the 2DEG. In the intermediate den-
sity regime, where the mobility is approximately a power-
law function of the electronic density, the extracted ex-
ponent shows a significant decrease when the 2DEG is
grown closer than 130 nm from the surface. This obser-
vation is qualitatively consistent with recent calculations
by Hwang and Das Sarma for which the mobility-limiting
mechanism was attributed to the remote dopants in the
doping layers, and the decrease in the power-law expo-
nent was attributed to increased proximity between the
dopants and the 2DEG. Since the structures used in this
experiment were using large area surface gates, similar
4gate patterning techniques could easily be used to form
nanostructures such as quantum point contacts or quan-
tum dots.
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